Sexual dimorphism is a widespread phenomenon and contributes greatly to intraspecies variation. Despite a long history of active research, the genetic basis of dimorphism for complex traits remains unknown. Understanding the sex-specific differences in genetic architecture for cranial traits in a highly dimorphic species could identify possible mechanisms through which selection acts to produce dimorphism. Using distances calculated from three-dimensional landmark data from CT scans of 402 baboon skulls from a known genealogy, we estimated genetic variance parameters in both sexes to determine the presence of gene-by-sex (G × S) interactions and X-linked heritability. We hypothesize that traits exhibiting the greatest degree of sexual dimorphism (facial traits in baboons) will demonstrate either stronger G × S interactions or X-linked effects. We found G × S interactions and X-linked effects for a few measures that span the areas connecting the face to the neurocranium but for no traits restricted to the face. This finding suggests that facial traits will have a limited response to selection for further evolution of dimorphism in this population. We discuss the implications of our results with respect to the origins of cranial sexual dimorphism in this baboon sample, and how the genetic architecture of these traits affects their potential for future evolution.
Sexual dimorphism is common in many animal and plant species and often constitutes a major source of variation both within and between species. Given the importance of the effects of variation on morphological evolution, studies of sexual dimorphism and its impact on trait variation provide clues to the underlying processes of morphological evolution. Although we have a relatively detailed understanding of the phenotypic differences between sexes for many species, few studies have focused on the genetic underpinnings for these morphological differences and their evolution. To understand how a species will respond to selection, as well as other evolutionary mechanisms, we need to know the genetic architecture of the traits of interest.
The aim of this study is to measure the genetic variation associated with cranial dimorphism in the baboon. Baboons exhibit marked sexual dimorphism for most bodily systems, including aspects of cranial morphology (Schultz 1960; Sigg et al. 1982; Leigh and Cheverud 1991; Plavcan 2001 Plavcan , 2003 . We use a sample of baboons of known pedigree from the captive baboon population housed at the Southwest National Primate Research Center (SFBR http://www.sfbr.org/pages/snprc_index.php) to investigate differences in the genetic architecture of cranial traits between the sexes. Differences in gene effects between the two sexes are the genetic source of variation in, and evolution of, phenotypic sexual dimorphism (Lande 1980) . Sexual dimorphism evolves through the differential response of males and females to selection but the exact mechanisms by which sexual dimorphism evolves remains elusive. Theory predicts that the evolution of sexual dimorphism can occur in at least two ways: gene-by-sex (G × S) interactions involving the autosomes and X-linked effects (Lande 1980; Fairbairn and Roff 2006) . G × S interaction encompasses both variance dimorphism and the autosomal genetic correlation between the sexes (Lande 1980; Leutenegger and Cheverud 1982, 1985) . G × S interaction can be perceived as a special case of gene-by-environment interaction (Falconer 1952; Roff 1997) where the sex of an individual is the "environment" in which its genes are expressed (Towne et al. 1992) . The G × S interaction approach considers homologous traits as the same trait in males and females but expressed in a male or female environment. For both G × S interactions and X-linked effects, the genetic architecture of males and females differs, allowing each sex to respond differently to selection.
Our study uses both the G × S interaction approach and analysis of the effects of the X chromosome to examine the genetic architecture of sexual dimorphism in the baboon skull. We hypothesize that traits that show the greatest degree of phenotypic dimorphism will also exhibit significant G × S interaction and/or significant X-linkage. Although all cranial traits measured are significantly dimorphic in this baboon sample, facial traits measured on the muzzle display the greatest magnitude of dimorphism (K. Willmore, J. Rogers, J. Cheverud, and J. Richtsmeier, unpubl. ms.) . Therefore, we expect these traits of the lower face to have significant G × S interactions and/or show significant X-linkage, but expect smaller G × S interactions or X effects for other suites of cranial traits measured on the orbit (upper face) and basicranium.
Materials and Methods

COMPOSITION OF THE SAMPLE
Our sample consists of 402 adult baboon skulls (113 males and 289 females) from the Southwest Foundation for Biomedical Research (SFBR) in San Antonio, TX. The baboons in the sample are Papio hamadryas, including two subspecies P. h. anubis (olive baboons) and P .h. cynocephalus (yellow baboons) and their hybrids, although most animals are pure P. h. anubis. The colony as a whole has about 300 founding animals and substantial levels of molecular polymorphism (Rogers et al. 2000) . All of the animals used in this study are members of a known pedigree permitting analyses using quantitative genetic methods. Only adult baboons were used; the age range for our sample is 6.04 to 33.7 years. Throughout life the baboons have ad libitum access to commercial monkey chow, and are housed outside in social groups. Dietary and housing conditions are the same for males and females. In accordance with the Guide for the Care and Use of Laboratory Animals (Council 1996) , animal care personnel and staff veterinarians provide daily maintenance and health care to all animals. All procedures are performed following the policies established by the Southwest Foundation Institutional Animal Care and Use Committee.
DATA ACQUISITION
Baboon heads collected from the SFBR animals at necropsy were macerated in a water bath. Computed tomography (CT) images were then acquired for each macerated skull at Washington University in St. Louis' Mallinkrodt Institute of Radiology using a medical CT scanner (Siemens Medical Systems, Erlangen, Germany). Pixel size ranged from 0.20 to 0.61 mm depending upon the size of the specimen and slice thickness was 0.75 mm. Three-dimensional (3D) reconstructions were produced from the CT image data and subsequently digitized to obtain 3D landmark coordinate data using eTDIPS, a multidimensional volume visualization and analysis software, codeveloped by the National Institutes of Health and the National University of Singapore. Three-dimensional coordinates of 30 biological landmarks were recorded from each skull that included 10 bilateral and 10 midline landmarks. We did not record calvarial landmarks as most of the individuals in the sample were necropsied without regard to the specific placement of the cut when the brain was removed. Supporting Figure S1 illustrates the landmark positions and Supporting Table S1 provides an anatomical description of each landmark (see Supporting information and our website www.getahead.psu.edu/hominid_index.html). Further information on landmarking can be found on the landmarks page at www.getahead.psu.edu. Measurement error of the data collected from CT images was evaluated using methods previously described by Valeri et al. (1998) , and our repeatabilities varied from 0.936 to 0.998 with an average of 0.981. Landmarks were chosen for analyses based on accuracy of digitizing and to provide as complete coverage of the skull as possible. Measurement error was further minimized for those landmarks chosen for analysis by landmarking each skull twice, checking for gross errors such as side reversal and using the average of the two data collection trials in analyses.
DATA ANALYSIS
Interlandmark distances were estimated for each animal from the 3D landmark coordinate data. A subset of 16 interlandmark distances chosen on the basis of their effective sample size from an initial set of 35 interlandmark distances (Supporting Table S2 ) are used in our analysis. The effective sample size is the effective number of independent breeding values represented in the pedigree data (Cheverud 1996) or the number of individuals that make an independent genetic contribution to the next generation (Roff 1997, p. 401) . Because of the pedigree structure of our baboon sample, the effective sample size for each distance is much lower than the 402 individuals for whom we have data. As such, we used only those distances that had an effective sample size of at least 25 (8 males and 17 females) to ensure the accurate estimation of genetic correlations and adequate power to detect genetic correlations between sexes that are less than one (Cheverud 1995 (Cheverud , 1996 . Another interpretation of this value is that it represents the number of infinite-sized sibship equivalents represented in the complex baboon genealogy. Each of the 16 linear distances was identified as belonging to the face, the basicranium, or the areas joining the face to the neurocranium (Supporting Table S2 ). Given the large difference in size between sexes, all distances were log-transformed before analyses to account for possible scaling effects.
GENE-BY-SEX INTERACTION
A significant G × S interaction for a given quantitative trait indicates that sexual dimorphism of that trait is heritable (Towne et al. 1992) . We follow the method of Towne et al. (1992) to test for G × S interactions. This method involves three assumptions. First, the traits must be heritable. Using the program Sequential Oligogenic Linkage Analysis Routines (SOLAR; Almasy and Blangero 1998), we estimated the heritability of the 16 traits using a maximum-likelihood approach with sex and age as covariates. Second, variation in the quantitative characters has a polygenic basis. We are considering continuous traits that are generally accepted as having a polygenic basis (Frankham 1968; Wright 1968; Falconer and Mackay 1996; Roff 1997) . Third, the loci influencing the traits are autosomal. To examine this last assumption, we tested for X-linked heritability using SOLAR and algorithms described by Kent et al. (2005a) .
A brief description of the models used for SOLAR likelihood estimates and the estimation of the genetic covariance between the sexes is presented in the Supporting Information. We test the eight models described by Towne et al. (1992) , allowing us to determine if there is a significant G × S interaction for each trait as well as whether the G × S interaction is due to a genetic correlation less than 1.0 and/or sex differences in the level of genetic variance. Supporting Table S3 outlines the parameter assumptions involved with each model. Model 1, considered the general model, estimates all of the parameters and allows for unequal genetic variation (
and a genetic correlation of less than one between the sexes (ρG (M , F) < 1.0). Models 1 through 6 allow for G × S interaction, whereas models 7 and 8 do not permit G × S interactions.
Each of these models were tested using a maximumlikelihood method with the program SOLAR with sex and age as covariates. Potential variance differences between sexes related to their differences in means were removed by log-transforming the distance data. Additionally, the data were Z-transformed to reduce issues of convergence encountered with untransformed data. Because all parameters were estimated in the general model (Model 1) it is assumed to most closely match reality, therefore the rest of the models were compared with the general model and tested for goodness of fit. Two statistics were used to compare each model with the general model, a chi-square and Akaike's Information Criterion (AIC) test (see Towne et al. 1992 ). For each trait tested, the model with the most optimal fit was the one that had the lowest AIC value and according to the chi-square approximation is not significantly different from the general model. Additionally, we tested the optimal model with models that differed by only one parameter to test the significance of each estimated parameter. These additional comparisons were also done using chi-square and AIC tests.
X-LINKED EFFECTS
The test for X-linkage developed by Kent et al. (2005a) tests the fit of five models to the actual data using restricted maximumlikelihood estimates. The simplest or null model tests for the likelihood of no significant X effects. Because Kent et al. (2005b) found that constraining the environmental variances can decrease the sensitivity to detect a significant X effect, it is important to determine if environmental variances are affecting the genetic architecture before testing for X effects. Consequently, the second model allows the environmental variances to vary. The third model tests for mitochondrial linkage as mitochondrial effects can create asymmetric patterns of allele transmission and can be confounded with G × S interactions (Kent et al. 2005b ). The fourth model tests for X-linkage with dosage compensation, whereas the fifth model tests for X-linkage with no dosage compensation. These tests are done sequentially for each trait, and at each step the more restricted model is retained unless a likelihood of a more complex model was significantly greater than the restricted model (P < 0.05) (Kent et al. 2005a,b) . This analysis uses the pedigree data and estimates the X effect as a single parameter for both sexes rather than separately for each sex, thereby simplifying our interpretation of results.
Results
Heritability (h 2 ) was estimated for 35 interlandmark distances and was statistically significant for all but one of the distances (Supporting Table S4 ). The average h 2 for all distances is 0.45 with heritabilities ranging from 0.108 to 0.831, which is consistent with estimates for craniofacial h 2 for other primate species (Cheverud 1982 (Cheverud , 1995 (Cheverud , 1996 Carson 2006) . Linear distances with low heritability and an effective sample size < 25 (Cheverud 1995 (Cheverud , 1996 were excluded from further analysis to assure sufficient information to test G × S interaction. The average h 2 for the remaining subset of 16 distances is 0.58 with heritabilities ranging from 0.48 to 0.83 (Supporting Table S4 and Table 1 ).
GENE-BY-SEX INTERACTION
Genetic correlations between sexes and genetic variances for males and females for each trait are listed in Table 1 . Four traits failed to produce an estimate of the male genetic variance (ans to nal, nal to vsj, fzj to pmm, cga to nas) whereas only one trait failed to produce a female genetic variance (nal to vsj), most likely reflecting the higher percentage of females in our sample.
Estimates of the genetic correlation between sexes for these traits are unreliable due to a lack of male genetic variance. Over all traits in which sex-specific variances could be estimated, eight show higher genetic variances in males, one in females, and three have subequal variances, but genetic variance differences are only significant for two traits. Two traits linking the face and neurocranium have significant G × S interactions (Table 1 , Fig. 1 
distances represented by red lines) due to greater genetic variance in males.
Only the distance between the posterior nasal spine and the vomer-sphenoid junction (pns to vsj) has an intersex genetic correlation significantly less than 1.0 (ρ G = 0.87). This is also the lowest correlation estimate obtained. The average intersex genetic correlation over the 12 traits with estimable correlations is 0.97. Genetic correlation between sexes for craniofacial morphology is quite high.
X-LINKED EFFECTS
X-linked h 2 estimates range from 0.00 to 0.18, with an average of 0.04 and most fail to reach statistical significance. The two distances with significant X-linked heritability are frontal-zygomatic junction to nasion (fzj to nas), an orbital distance, and the posterior aspect of crista galli to the frontal-zygomatic junction (cgp to fzj), a joining distance between the face and the basicranium. The distance between basion to opisthion (bas to opi, measuring the anteroposterior diameter of the foramen magnum) is nearly significant with P = 0.07 (Table 2) . For all of the distances, the simplest model of no X-linkage is significant by log-likelihood ( Table 2 ). The model that allows for environmental variances to vary (Model 2) is significant for the basicranial distance basion to vomer-sphenoid junction (bas to vsj) (Table 2) , however, including this environmental effect did not uncover a significant X effect. Mitochondrial linkage is insignificant for all of the traits, as is X-linkage with no dosage compensation (Table 2 ). The two distances that show significant X-linkage with dosage compensation are the same distances that have significant X-linked h 2 : fzj to nas, and cgp to fzj (Fig. 1, distances represented by green lines).
Discussion
The aim of our study was to determine the underlying genetic architecture of cranial traits from a sample of baboons to gain an understanding of the mechanisms responsible for the evolution of cranial sexual dimorphism. Evolution of sexual dimorphism is constrained by the fact that males and females share the same autosomes over generations. Therefore, we hypothesized that cranial traits with the greatest degree of sexual dimorphism (i.e., facial traits in baboons) would also show G × S interactions for autosomes and/or evidence of X-linkage. Our results do not support our hypothesis; rather we find that distances that join the face to the neurocranium show evidence of G × S interactions and X-linkage ( Fig. 1) whereas those showing the greatest dimorphism (facial traits) do not. Even so, the relative lack of significant G × S interactions, which is inversely related to the heritability of sexual dimorphism, indicates that sexual dimorphism heritability is quite low in this population despite moderate levels of heritability for variation in the traits themselves. Our results counter theoretical predictions that sexually dimorphic traits should show evidence of the potential for evolution of sexual dimorphism (Lande 1980; Charlesworth and Charlesworth 1980; Rice 1984; Charlesworth et al. 1987; Fairbairn and Roff 2006) . A possible explanation for these unexpected results is our relatively small sample size of 402 baboon skulls with a sex ratio (2♀:1♂) that reflects the demography of adult animals in the SFBR pedigreed colony. This sample is reduced to 25 effective independent individual breeding values (17 female and 8 male) even after limiting the traits analyzed to those with relatively high heritability (from 35 traits to 16 traits). Although our effective sample size is seemingly small (N e = 25), it is fairly high relative to other published studies of heritability of cranial traits in primates and humans (Cheverud 1988 (Cheverud , 1995 (Cheverud , 1996 Carson 2006) .
Although it is difficult to determine the exact effect that management of this colony has on the genetic architecture of our sample, the colony at SFBR has been maintained for about 40 years (approximately six to seven generations) and patterns of mating are determined by colony managers. We propose that the relatively short period of time that these baboons have been captive has not dramatically altered their genetic architecture.
Although our results differed from our expectations, they are consistent with results of similar studies reported in the literature. Only one trait in these baboons had an intersex correlation significantly less than 1.0 and that correlation is still quite high (ρ G = 0.87). All other estimable correlations were greater than this, limiting the potential for the evolution of dimorphism through differences in selection between the sexes in this population (Charlesworth and Charlesworth 1980; Lande 1980; Rice 1984; Charlesworth et al. 1987; Towne et al. 1992; Havill et al. 2004; Fairbairn and Roff 2006) . Our results support previous studies that have generally reported high intersex correlations for morphological traits in mammals (Eisen and Legates 1966;  Rogers and Mukherjee 1992), invertebrates (Cowley and Atchley 1988; Reeve and Fairbairn 1996) , birds (Merilä et al. 1998; Jensen et al. 2003) , and even plants (Meagher 1994; Ashman 2003) . Differences in genetic variances between sexes have been commonly reported in the literature for a variety of animals, suggesting that variance dimorphism might be the common mechanism for the evolution of sexual dimorphism (Shaklee et al. 1952; Eisen and Legates 1966; Cowley et al. 1986; Rogers and Mukherjee 1992; Jensen et al. 2003) . Only two traits had statistically significantly higher genetic variance in males than in females in our study. Although few individual differences were statistically significantly different between the sexes, male genetic variance estimates were generally higher than female estimates with an average increase in variance of 38% across all traits. We found only two instances of significant X-linked heritability. The average X-linked heritability for the traits was only 0.04 whereas the average autosomal heritability is 0.55 (all were significant). Again, most genetic variation in craniofacial traits is autosomal (93%) and only a small portion is X-linked (7%). Based on the human genome and assuming a similar proportional relationship, the X-chromosome contains about 5% of the base pairs in the primate genome so that the X-linked percentage of genetic variance for cranial traits analyzed here is approximately proportional to the size of the X chromosome.
In summary, our analysis reveals a limited capacity for the evolution of cranial dimorphism in this population. All intersex genetic correlations are 0.87 or greater and X-linked genetic variation is small, proportional to its contribution to total genome size. Male genetic variance estimates were at least 10% greater than female genetic variance estimates for 75% of the traits studied, but only two traits showed significantly larger genetic variances in males. Because cranial sexual dimorphism is marked in the baboon lineage, either the genetic architecture is different now than in the past, or the evolution of dimorphism has been very slow to occur in this lineage. Given that the genetic architecture of this population is similar to what is commonly found for morphological traits in most mammals (high intersex genetic correlations, larger male genetic variances), we hypothesize that the evolution of cranial dimorphism in baboons has been facilitated by genetic variance differences between the sexes.
The following supporting information is available for this article: Figure S1 . Thirty three-dimensional landmarks located on each baboon skull using the program eTDIPS and used in analysis. Table S1 . List of landmarks used in this analysis (see Supporting Fig. S1 ) including their abbreviation, their type, and a brief anatomical description. Table S2 . List of 35 interlandmark distances and the craniofacial region in which they lie. Table S3 . Description of the models used to determine significant G × S interaction (modified from Towne et al. 1992, p. 109) . Table S4 . Narrow-sense heritabilities (h 2 ) with their associated standard errors and probabilities (P h 2 ) for all 35 distances.
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